The complex lifc cycle of the pathogenic African trypanosomes involves a number of changes in proliferative capacity of the cells coupled to precise modulations of cell shape and form. These different cell types, slender and stumpy trypomastigotes, procyclics, metacyclics, etc. are recognized by their overall cell shape and arrangement of flagellum. These external features are in fact a reflection of modulations in the internal microtubule cytoskeleton. However, even before considering the molecular mechanisms that allow modulations of the cytoskeleton in the trypanosome life cycle, it is relevant to ascertain the molecular nature of this structure; how it is duplicated in a normal proliferative cell cycle and ROGER GERKE-BONET, ALBERT0 PARMA,+ segregated to each daughter cell. Moreover, many of the cytoskeletal construction events in the cell cycle are likely to be intimately linked to processes involved in the duplication and segregation of the many single copy organelles found in this cell. Trypanosoma hrircei possesses a number o f such organelles: nucleus, flagellum, basal body, mitochondria and kinetoplast, and so requires a high level of cellular organization to achieve the requisite fidelity or organelle segregation at division.
Cytoskeletal structure
The cytoskeleton of trypanosomes is based on a highly ordered and precisely cross-linked arrangement of microtubules. There are two main portions of the cytoskeleton. First, a highly cross-linked corset of parallel subpellicular microtubules which entirely surrounds the cytoplasm. Periodic cross-links make microtubule-microtubule connections and microtubule-plasma membrane connections. This microtubule corset determines the shape of the cell and these microtubules are present at all stages of the cell cycle. The second microtubule array in the trypanosome cytoskeleton is the classical arrangement in the flagellum axoneme/basal body complex. The T. hnrcei cell possesses a single flagellum that attaches to the cell body along its length after originating from a flagellum pocket at the posterior end of the cell [ I ] .
The flagellum contains a classical 9 + 2 microtubule BIOCHEMISTRY OF TRY PANOSOMES
axoneme together with the complex and cryptic paraflagellar rod. A connection is made from the B subfibre of microtubule doublet 7 to the paraflagellar rod, and then a transmembrane connection links the paraflagellar rod across tightly opposed flagellum and plasma membranes to a specialized zone of filaments, which underlie the plasma membrane at a unique flagellum-attachment zone site [ I ] .
The unique feature of the trypanosome cytoskeleton is that these structures are observable in great detail by negative-staining whole-mount electron microscopy after removal of cellular membranes by detergent extraction [ 11.
( yioskeleiul morphogetiesis arid cell cycle
The microtubule cytoskeleton of T. hnrcei remains intact throughout the cell cycle. Thus, as a cell progresses through the cycle it has to add new microtubules to construct a new array of microtubules and then arrange the segregation of the microtubule sub-pellicular corset at division to each daughter cell. Elongation of the new flagellum, alongside the old. acts as another indicator of cytoskeletal construction within the cell cycle. Electron microscopy of detergentextracted cytoskeletons has defined 10 stages [I-X] in this process and the general order of the cytological events has been summarized [ I ] . More recently, we have been able t o extend this and to fit the cytological events with the classic descriptions of the eukaryotic cell cycle in terms of DNA replication periods. In T. hrircei there is a periodic S phase for both nuclear and mitochondria1 (kinetoplast) DNA replication. We have been able to use immunofluorescence detection of 5-bromo-2-deoxyuridine-substituted DNA as a means o f estimating DNA replication timings for both nucleus and kinetoplast. Both nuclear and kinetoplast S phases were shown to be periodic, occupying 0.18 and 0.1 2 of the unit cell cycle, respectively [2] .
In addition, initiation of DNA synthesis in these two organelles was almost synchronous, differing by only 0.03 of the unit cell cycle. We have been able to extend our analysis of timing of events within the cell cycle by using monoclonal antibodies that define individual organelles (see below). Using a monoclonal antibody that recognizes the basal bodies, we have been able to estimate the timing of probasal body formation as being within a few minutes of initiation of nuclear S phase (0.41 of the unit cell cycle). This now provides the earliest known cell cycle event in T. hmcei observable at the light microscope level 121. The timings of events and markers within the T. hrircei cell cycle are summarized in Fig. 1 . Fig. 1 . T. hntcei cell cycle events Summary of the calculated durations and sequences of the cell cycle periods represented o n a linear map of the T. hnrcei cell cycle, n and k represent the cycle of the nucleus and kinetoplast, respectively. G,, S and G, and M represent the classical cell cycle periods. C is the cytokinesis period that includes the binucleate (post-mitotic) period plus thc actual period of cell cleavage. The division period for the kinetoplast is termed D, and A represents the period of time when the predivision cell contains two kinetoplasts.
We have previously shown that two reversible posttranslational modifications of a-tubulin, detyrosination and acetylation, can be detected in 7: brucei 13, 41. More recently, we have been able to use the detyrosination of atubulin as a marker to allow a study of microtubule polymerization during the cell cycle. This study involves the use of monoclonal antibodies specific for the tyrosinated form of a-tubulin. The genome encoded C-terminal tyrosine of some a-tubulins can be removed via a tubulin carboxypeptidase and replaced by tubulin tyrosine ligase. Detyrosination is a post-assembly event and so in the T. hrucei cytoskeleton we have been able to show that new microtubules are tyrosinated while older microtubules are generally detyrosinated. Thus, use of a monoclonal antibody specific for tyrosinated a-tubulin allows us to detect the positions where new microtubules are polymerized and inserted into the subpellicular array. New microtubules are seen t o invade the cytoskeletal array early in the cell cycle between old microtubules and, later in the cycle short microtubules are intcrcalated in the array. We have proposed that these microtubules of the T. hnrcei cytoskeleton are nucleated by lateral interactions with the microtubule-associated protein (MAPs) o n adjacent microtubules. This construction pattern is suggestive o f a templated morphogenesis of microtubule arrays with semiconservative distribution of the daughter cells [ 51.
Cytoskeletul proteins mid geties
The most abundant protein in the 7: bnteei cytoskelcton is tubulin and this protein has been characterized in some detail. Although there are multiple genes for both a-and /3-tubulin there appears t o be a single isoform of both tubulin types produced by iti vitro translation of mRNA. However, the two post-translational events of detyrosination ( Cterminal tyrosine) and acetylation (a lysine at position 40) produced novel isoforms of a-tubulin. The major polypeptides of the paraflagellar rod have been identified and their sequence determined 161. The broad issue left after discussion of these abundant clearly identifiable proteins is the nature of the other cross-linking and possible regulatory proteins associated with the microtubule cytoskeleton. The search for MAPs has been undertaken by a number of laboratories. Unfortunately, in some cases this has led to misidentification of glycosomal enzymes as MAPs. We have recently reviewed this area of the trypanosome cytoskeleton
We have undertaken two routes to identify cryptic proteins within the microtubules cytoskeleton and to clone cDNAs encoding such polypeptides. In an initial approach, we have used the complete detergent-insoluble microtubule cytoskeleton as an immunogen with which to inject mice. A library of monoclonal antibodies was then obtained by selecting the cloning hybridomas produced from these mice. The library of monoclonals defines each of the major organelles left in the detergent-extracted cytoskeleton; the axoneme and subpellicular microtubules, the flagellumattachment zone, the paraflagellar rod, the basal bodies and, finally, the nucleoskeleton. For some of these antibodies we have been able to analyse the component polypeptides by Western blotting, and their precise location by immunofluorescence and immunogold electron microscopy [ 81.
In a related approach to identifying cytoskeletal components and isolating the genes encoding them we have undertaken another immunological screen. Molecular characterization of the genes encoding cytoskeletal proteins may not be particularly amenable via monoclonal antibodies, since there are disadvantages in the use of such antibodies for screening expression libraries. However, isolation of monospecific polyclonal antibodies to individual proteins is unsatisfactory because of the difficulties of purifying indi-171.
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vidual, rare and often insoluble proteins. Thus, we have taken the approach of preparing a complex polyspecific polyclonal antisera to the complete T. hrircei cytoskeleton. We have then used this complex antiserum to screen a il gtll expression library and have selected random positive clones. The identity of the polypeptides encoded by the cDNA inserts in each clone has then been established by preparing a monospecific serum fraction via affinity selection using the il gtll fusion proteins. This selected serum fraction facilitates the identification of the polypeptide by Western blotting and its location by immunofluorescence/immunogold techniques. This approach has successfully identified a number of cDNA clones for proteins located in the cortical array of subpellicular microtubules, the paraflagellar rod and the flagellar attachment zone. These clones are now being sequenced and subjected to molecular analysis. This approach appears likely to produce a molecular description of the important cross-linking and regulatory proteins within this highly ordered cytoskeleton. Our aim will then be to move from studies of structural biology to determine the functional role that the components provide.
Life cycle stages of the African trypanosome living in the mammalian bloodstream have a coat covering their entire surface. Each coat consists of approximately 1 x 10' copies of a single glycoprotein molecule termed the variant surface glycoprotein (VSG). The surface coat is essential for the African trypanosome's survival in a hostile environment. It protects the parasite in two ways. First, the dense packing of the coat acts as a macromolecular diffusion barrier [ 1-31. As such, the coat prevents access t o sensitive components of the plasma membrane which would otherwise trigger lysis of the parasite by the alternative complement pathway [4] . Secondly, the trypanosome surface coat undergoes antigenic variation. The mechanism by which antigenic variation takes place has been extensively reviewed elsewhere (see, f m example, (5, 61). In brief, each trypanosome has up to 1000 different genes encoding antigenically distinct VSGs. Only one of these VSG genes is expressed by a trypanosome at any time. Hence, by switching from expressing one VSG gene to another, a completely different surface coat is produced. In this way the parasite eludes the specific arm of the host's immune response.
The crucial role played by VSG has made it one of the most intensively studied proteins of the African trypanosome or any other parasitic organism. VSGs are a family of glycoproteins [7] each with an apparent molecular mass of about 55 kDa. The extent of polypeptide sequence variation between different VSGs is striking. It is this variability that keeps the trypanosome one step ahead of its mammalian host. Some sequence homologies do exist (particularly within the C-terminal domain of the molecule) and these may result from structural constraints imposed by the need to maintain a compact surface coat.
To form a surface coat VSG must be able to anchor securely to the plasma membrane. To this end each mature VSG has a phosphatidylinositol (PI)-containing glycolipid covalently attached to its C-terminus [8] . It is the fatty acid component of this glyeosyl phosphatidylinositol (GPI) that serves as a membrane anchor. This mode of membrane anchoring is not unique to the African trypanosome; a wide range of eukaryotic proteins are anchored t o the plasma membrane by GPIs [ 9 ] . However, with VSG making up approximately 10% of its total cell protein, the bloodstream form of the African trypanosome has been an ideal system for studying GPI structure and biosynthesis. The information thus obtained has been of great value to those investigating GPIs in higher eukaryotes.
The structure of the VSG anchor shown in Fig. l (a) displays a number of interesting aspects. Common to all GPI anchors so far studied is the glucosamine-( mannose),-phosphoethanolamine core. Biosynthesis of this core is probably strictly conserved between the different species. A feature peculiar to the VSG GPI is the galactose side-chain. This side-chain varies from 0 to 8 residues depending on the particular VSG subclass [lo] . These subclasses are based on C-terminal peptide homology. The GPI anchor of class I variants contain about four galactose residues, class 2 contain about eight, and class 3 none. The other unusual feature of the VSG GPI is its fatty acid composition. Lipid analysis shows this to be exclusively myristate (C,,,,) [ 1 1 I. No other GPI has this same strict specificity [O]. Although the selective advantage of a myristate-containing anchor is unknown, it has recently become clear that the trypanosome goes to great lengths to achieve this specificity (see below).
Comparison of VSG cDNA sequences [ 121 with C'-terminal peptide sequences suggest that VSG messenger RNAs encode a C-terminal hydrophobic domain that is removed after polypeptide synthesis. This hydrophobic domain could act to direct GPI attachment and serve as a temporary membrane anchor. The GPI anchor is attached t o newly made VSG within a minute of VSG synthesis [ 13, 141. From this observation it seemed likely that the GPI anchor was constructed as a glycolipid precursor before transfer to protein. It also suggested that attachment of GPI to VSG took place within the lumen of the endoplasmic reticulum. A glycolipid with properties consistent with its being the GPI precursor has been identified [ l S , 161. This species, here
